Abstract: A visible light-promoted protocol for the redox-neutral coupling of N-hydroxyphthalimide esters with different N-heterocyclic compounds is described. The reaction proceeds through an alkyl radical intermediate generated by reductive decarboxylation of N-hydroxyphthalimide esters. In contrast to the original Minisci protocol, polyalkylation can largely be avoided. Mechanistic investigations revealed a radical chain mechanism which in some cases can proceed even if no photocatalyst is added. This valuable and functional group-tolerant reaction produces substituted heterocycles in moderate to excellent yield. The use of inexpensive starting materials and LEDs as the light source are key features of this C-C bond formation.
Introduction
C-H functionalization is a popular synthetic strategy for the late-stage modification of heteroarenes [1] [2] [3] . Substituted heteroaromatics are common structural motifs in natural products as well as in synthetic pharmaceuticals [4] [5] [6] . Furthermore, they find application as ligands in metal catalysis [7] [8] [9] . Therefore, this compound class is of uncontested relevance for modern chemical and pharmaceutical research [4] . A particularly interesting option for the late-stage modification of heteroaromatic systems lies in their reaction with free radicals which can be generated under conditions tolerating a wide variety of functional groups [10] . Minisci and coworkers used the oxidative decarboxylation of carboxylic acids for the radical functionalization of a wide variety of heteroarenes [11, 12] . The radical generation was effected by electron transfer from carboxylate ions to Ag 2+ ions generated in situ from Ag + through the action of peroxydisulfate as the terminal oxidant. The original experimental procedure used an excess of carboxylic acid and peroxydisulfate. These rather harsh reaction conditions limit the substrate scope as oxidation-sensitive moieties are incompatible with them. Furthermore, the alkylation of heteroarenes through alkyl radicals only slightly reduces their reactivity under these conditions and leads to polyalkylation of substrates having more than one reactive position. To overcome these problems, a number of variants of the original Minisci reaction have been developed over the past decades. For example, Zeng et al. reported the first electrochemical Minisci reaction with α-keto acids and ammonium iodide as a redox mediator (Scheme 1) [13] . In the course of the resurgence of photoredox catalysis, DiRocco et al. reported the first visible light-mediated Minisci reaction with acyl peroxides as precursors of alkyl radicals [14] . Ravelli and coworkers reported a sunlight-induced Minisci-type reaction with tetrabutylammonium decatungstate (TBADT) as an unusual photocatalyst [15] . Many publications in this direction have followed, in which different types of radical precursors and catalysts were employed. For example, primary alcohols or carboxylic acids, preactivated as their N-hydroxyphthalimide esters (NHP-esters), have been used as radical precursors by several groups; the latter were chosen to overcome the high and often limiting redox potential for the decarboxylation of their carboxylic acid precursors (vide infra) [9, [16] [17] [18] [19] [20] [21] [22] . Fu reported a photoredox-catalyzed Minisci-type reaction with NHP-esters and an expensive iridium catalyst. After the experimental work of our article was completed, Sherwood and coworkers reported a one-pot photoredox Minisci reaction based on NHP-esters in which they used the non-commercial organocatalyst 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene [23] . Here, we report a photoredox-catalyzed Minisci protocol based on NHP-esters and Ru(bpy) 3 Cl 2 which is commercially available or can be prepared in a single step in 70% yield and does not represent a significant economic factor for work on laboratory scale [24] . In contrast to Sherwood's protocol, the reactions presented here do not require heating and only lead to an insignificant degree of polysubstitution. NHP-esters can be synthesized in a single step from carboxylic acids and can be converted to alkyl radicals by one-electron reduction and expulsion of CO 2 and the phthalimide anion [21, 25] . Carboxylic acids are attractive precursors since they are non-toxic, inexpensive, and are available in large structural diversity [26] . The redox potential of NHP-esters is significantly lower than that of the corresponding acid due to the weak N-O bond [21, 25] . Here, we report a new method for a visible-light mediated Minisci-type reaction which is devoid of strong external oxidants. This method could overcome the above-mentioned limitations of the original Minisci protocol.
Results and Discussion

Method Development
For the decarboxylative alkylation, N-[(cyclohexylcarbonyl)oxy]phthalimide (1) and isoquinoline (2) were used as test substrates during the investigations of the reaction conditions. Trifluoroacetic acid was added to lower the LUMO coefficient of the heterocycle through protonation, thus facilitating the nucleophilic attack of the nucleophilic alkyl radical [10] [11] [12] . First, the catalytic activity of different photoredox catalysts under irradiation with LEDs was tested. While rhodamine 6 G and eosin Y provided a low conversion of the starting material, Ru(bpy) 3 Cl 2 turned out to be the optimum catalyst in this screening, with a yield of 24% for 3 (Table 1 , entry 4). The iridium catalyst shown in Table 1 provided the product in lower yield than did the ruthenium catalyst. The amount of Ru(bpy) 3 Cl 2 can be reduced to 1 mol % without a loss in yield of 3 (see the Supporting Information, Table S1 ). The use of even lower amounts however resulted in reduced efficiency. With solvent screening (Supporting Information, Table S2 ), the yield of model compound 3 could be increased up to 91% (2 mol % Ru(bpy) 3 Cl 2 ) with DMF as the solvent of choice. In general, the reactions proceed better in polar solvents, while no conversion was detected in DCM. The reaction time was extended to 48 h to reach complete conversion of the starting heteroarene (as judged by TLC). In addition, different acidic additives were screened (Supporting Information, Table S3 ), including acetic acid, Lewis acids, and inorganic as well as stronger organic acids. The product was formed in high yields with different Lewis acids, concentrated hydrochloric acid, and sulfuric acid. A quantitative yield of the product after purification was only obtained with p-toluenesulfonic acid monohydrate (also using 2 mol % Ru(bpy) 3 Cl 2 ). Acetic acid seems not to be acidic enough to promote the reaction [27] . It is also worth noting that the reaction proceeds with isoquinolinium triflate without further additive in a yield of 31% (Supporting Information, Table S3 ). A large excess of additive is not required, but superstoichiometric amounts (1.50 equiv.) provide a slightly higher yield than stoichiometric amounts. (Supporting Information, Table S3 ). Optimization of the starting material equivalents showed that a ratio of 1.50 equiv. N-hydroxyphthalimide ester to 1.00 equiv. of isoquinoline provides the highest yield (Supporting Information, Table S4 ). Control experiments verified that the reaction requires both light and an acidic additive to proceed ( Table 2 , entries 1 and 2). With 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) as a radical trap, intermediate 4 was intercepted and the respective trapping product could be detected via ESI-HRMS (Table 2, entry 6), which is a strong indication for a radical mechanism. 
Mechanistic Considerations
For the reaction with Ru(bpy) 3 2+ , we propose a reductive decarboxylation of the NHP-ester [9, 25] . Therefore, a reductive quenching cycle will have to proceed during the reaction, in which the NHP-ester A is reduced by a Ru I species to produce the alkyl radical B. After addition of the radical to the protonated hetarene C, the resulting radical cation D is then oxidized under deprotonation to close the catalytic cycle (Scheme 2). In accordance with Fu, we suggest an off-cycle reaction as the initial step for the catalytic cycle to proceed [28] . Whether this is the oxidation of the solvent, the protonated arene, or the decomposition of the NHP-ester to the alkyl radical still needs to be investigated. While performing the control experiments, we observed that the reaction also proceeds without a catalyst under irradiation with visible light with certain substrates (Table 2, entry 3). Sherwood and coworkers have recently reported the same observation [17] . Our control experiments demonstrated that the reaction without the catalyst does not proceed at elevated temperatures in the dark (Table 2 , entry 5). Adding TEMPO to the catalyst-free reaction mixture neither resulted in the formation of product nor trapping product 4 (Table 2, entry 4) and led to the suggestion of a free radical chain mechanism. UV-Vis measurements were performed to see if any individual compound or their combination in the reaction mixture absorbs light in the visible light region (see Supporting Information, Figures S3 and S4 ). None of them have any significant light absorption above 350 nm and the spectrum of the mixture is only the mere sum of the spectra of individual components. Thus, any further interactions, e.g., the formation of ground-state charge-transfer complexes, which may act as a photocatalyst, can be excluded and do not account for the surprising catalyst-independent reaction (see Supporting Information, Figure S4 ). To gain further insight into the mechanism, we performed a 'light-dark cycle' experiment ( Figure 1 ). Figure S2 ) and the yield was determined by NMR spectroscopy with 1,4-bis-(trimethylsilyl)benzene as an internal standard.
The diagram in Figure 1 clearly points towards a radical-chain mechanism, due to the continuing transformation during dark periods. Within the first 10 h of irradiation, no conversion of the starting material was detected and the reaction mixture was still colorless. After twenty hours of irradiation, the product was detected by NMR spectroscopy with an internal standard in 36% yield and the color of the mixture changed to light yellow. Henceforward, the reaction proceeded until complete consumption of the starting material within 48 hours. Color changing of the solution might be an indication for the start of the radical chain and the fact that the UV-Vis absorption spectrum of the yellow reaction mixture shows a weak absorption in the blue region of the visible light region could lead to the assumption that increased radical formation through increased light absorption could occur (see Supporting Information, Figure S3 ). Although the origin of the yellow color and its role for the reaction path at higher conversion are not yet understood, we propose the following radical-chain mechanism for the uncatalyzed reaction (Scheme 3). The time profile of the product formation in the light-dark cycle experiment does not provide evidence for a significant autocatalysis which would lead to an exponential curve-nevertheless, the induction period of the reaction remains to be investigated. Through an off-cycle reaction, radical B is produced from NHP-ester A. After attack to isoquinolinium (C), radical cation D is generated which acts as a reductant for A to propagate the radical chain process.
Substrate Scope
The synthesis of the starting material was performed according to a modified protocol of Overman (General Information A) [25] . Ten different NHP-esters were synthesized in 62% to quantitative yield and were subjected to the Minisci-type C-C coupling reaction using 1 mol % Ru(bpy) 3 Cl 2 . Small and unfunctionalized primary and secondary alkyl groups could be introduced in moderate to high yields (Scheme 4, 3, 5-9). Primary alkyl radicals yielded 9 in 17%, while a tertiary alkyl group was introduced in 16% (10) . The best results were obtained for secondary alkyl groups. We generated five different secondary alkyl radicals and the products were formed in every case. While the cyclohexyl substituted product 3 was formed in quantitative yield, the isopropyl derivative 5 was obtained in only 28% yield. The other three secondary alkyl radicals formed the product in moderate to high yields (Scheme 4, 6 in 56%, 7 in 83%, 8 in 84%). Gratifyingly, α-amino acids furnished the desired coupling products in moderate to high yields (70% for 11 in Scheme 4, 40% for 18 in Scheme 5) and the common Boc-protecting group is tolerated [29] . Even the terminal double bond in compound 8 remained untouched during the reaction. N-(Benzoyloxy)phthalimide and N-(2-phenylacetyloxy)phthalimide proved to be unreactive, probably due to the unfavorable formation of an sp 2 -centered radical intermediate or, in the case of compound 13, a highly stabilized and thus less reactive benzylic radical [30] .
To determine the heteroarene scope, we explored 5-to 6-membered benzo-fused-/heterocycles regarding their electronic properties. Apart from isoquinoline (Scheme 4) we used benzothiazole, which provided compound 14-16 in high yields (Scheme 5). Pyrazine reacted smoothly to give compounds 17 in 41% and 18 in 40% yield. In the case of quinoline, a 1:1 ratio of 2-to 4-substituted product 19 was detected by NMR and the isomeric mixture was isolated in 36% yield. Gratifyingly, polyalkylation of quinoline was observed only in traces as judged by LC-MS and for pyrazine and isoquinoline no polyalkylation could be detected. Changing the heteroarene to electron rich systems such as indole or Boc-imidazole resulted in a complex reaction mixture and the desired alkylation products could not be detected. Similar results were obtained for 4-cyano-/4-bromopyridine. 
Materials and Methods
General Information
Solvents and reagents were purchased from commercial suppliers and were used as received, unless otherwise stated. Tris-(2,2 -bipyridyl)ruthenium(II)chloride was synthesized according to a literature procedure [24] . Anhydrous THF was distilled and collected under an argon atmosphere from sodium and benzophenone. Reaction solvents were degassed in an ultrasonic bath by argon sparging for 20 min. Reactions requiring anhydrous conditions were performed in dried glassware under an atmosphere of argon. Flash column chromatography was carried out using silica gel (35-70 µm; ThermoFisher Acros Organics, Geel, Belgium). Thin-layer chromatography (TLC) was carried out on Merck silica gel plates (60 F 254 ) using defined solvent mixtures; plates were visualized under UV light and/or by using TLC staining reagents. Melting points were determined in open capillary tubes using a digital electrothermal apparatus (Krüss, Hamburg, Germany). IR spectra were measured with a Bruker Tensor (Billerica, MA, USA) 27 instrument with a diamond ATR unit, and are reported in terms of frequency of absorption ( ν [cm −1 ]). NMR spectra were recorded with Bruker 300 MHz (300 MHz for 1 H, and 75.4 MHz for 13 C) and 400 MHz (400 MHz for 1 H, and 100.6 MHz for 13 C) spectrometers with 5 mm BBFO probe heads. Residual solvent signals from the deuterated solvents were used as an internal reference (CDCl 3 : δ H = 7.26 ppm, δ C = 77.16 ppm) and reported in parts per million (ppm) relative to trimethylsilane (TMS) [31] . Coupling constants (J) are given in Hz using the conventional abbreviations (br = broad, s = singlet, d = doublet, t = triplet, q = quartet, sept = septet, m = multiplet and combinations thereof). Electron spray ionization (ESI) mass spectra were recorded on an Agilent (Waldbronn, Germany) 1200 series HPLC system with binary pump and integrated diode array detector coupled to an Agilent ion trap mass spectrometer or on an Agilent ESI quadrupole instrument. ESI-HRMS spectra were recorded with a Q-TOF instrument with a dual source and a suitable external calibrant. Elemental analysis was performed with an Elementar vario EL cube. Substances were decomposed under a stream of helium and the percentage amount of C, H, N, and S were recorded. Irradiation was carried out using a blue LED (high power 100 W LED, HPR40E-48K100BG (GalnN/GaN) from Huey Jann Electronic Industry Co., Ltd., Taichung City, Taiwan, λ max = 462 ± 3 nm).
General Procedure A: Steglich Esterification of Carboxylic Acids with N-Hydroxyphthalimide 1, 26-34
A 100 mL Schlenk flask equipped with a stir bar and a septum was flushed with argon and charged with dry THF (30 mL). The carboxylic acid (1.00 equiv.), N,N'-dicyclohexylcarbodiimide (1.20 equiv.), 4-dimethylaminopyridine (0.10 equiv.) were added. After stirring for one minute, N-hydroxyphthalimide (1.10 equiv.) was added and the reaction mixture was stirred for 24 h at room temperature. The precipitating dicyclohexyl urea was filtered off and the solution was concentrated by evaporation of the solvent. Flash column chromatography afforded the desired product. A 10 mL vial equipped with a stirrer bar and a septum was flushed with argon and charged with dry N,N'-dimethylformamid. The solvent was previously degassed by ultrasonication (see Gerneral Information). The N-hydroxyphthalimide ester (0.30 mmol, 1.50 equiv.), the heterocyclic compound (0.20 mmol, 1 equiv.), p-toluenesulfonic acid monohydrate (0.30 mmol, 1.50 equiv.) and Ru(bpy) 3 Cl 2 (2 µmol, 1 mol %) were added, followed by argon sparging for 1 min. The mixture was irradiated with a blue LED module from a distance of 5 cm for 48 h. A saturated aqueous NaHCO 3 solution (30 mL) was added, followed by extraction with dichloromethane (3 × 15 mL). The combined organic layers were dried over MgSO 4 and concentrated under reduced pressure. Flash column chromatography afforded the desired product.
Conclusions
In summary we reported a mild, visible light-mediated and Ru(bpy) 3 Cl 2 catalyzed C-C alkylation reaction. Here, the starting material can be synthesized easily in one step with high yield from cheap, commercially available carboxylic acids. The problem of the original Minisci reaction regarding the formation of polyalkylated byproducts can be circumvented with our protocol [11] . With 1 mol % of the metal catalyst, the costs are decreased to the minimum and the catalyst enables radical generation without any further external oxidant. Furthermore, mechanistic studies gave us insight in the proceeding mechanism without any photocatalyst.
Supplementary Materials: The following are available online, Figure S1 : Setup for irradiation with a 100 W blue LED module. Figure S2: Emission spectra of the 100 W blue LED module. The spectra was recorded with an USB2000+ from Ocean Optics, Inc., Dunedin, FL, USA. Wavelength range from 200-523 nm, optical resolution 1 nm. Table S1 : Catalyst loading studies. Table S2 . Solvent screening for the photoredox Minisci-type reaction. Table S3 . Additive screening for the photoredox Minisci-type reaction. Table S4 . Equivalent screening of isoquinoline. Figure S3 . UV-Vis absorption spectra at 290-500 nm measured for A) N-(cyclohexylcarbonyloxy)phthalimid (1 × 10 −4 M), B) isoquinoline (1 × 10 −4 M), p-toluenesulfonic acid (1 × 10 −4 M), D) the reaction mixture (1 × 10 −4 M), E) reaction mixture after product formation (yellowish solution 1 × 10 −4 M) and E.1) UV-Vis absorption spectra at 390-500 nm of the reaction mixture after product formation (0.1 M). All spectra were measured in dry DMF. 
